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(71) We, COMPAGNIE FRANCAISE 
DE RAFFINAGE, a French Body Corporate, 
5 rue Michel-Ange, 75016 Paris, France, do 
hereby declare the invention for which we 

5 pray that a patent may be granted to us and 
die method by which it is to be performed, 
to be particularly described in and by the 
following statement: — 

The method and apparatus of the present 

10 invention concerns an electrolyte-electrode 
unit for fuel cell intended to operate at high 
temperature, and more particularly concerns 
a hermetic body of solid electrolyte which 
is. a conductor of oxygen ions at high tempera- 

15 ture, and an dectroide formed ci at least one 
layer of doped indium oxide covering a part 
of tiie surface of the electrolyte and adhering 
to it. 

Such units are already known in which the 

20 electrode is intended to operate as a cathode 
associated with a solid electrolyte of stabilized 
zirconia and a suitable metal anode, for 
instance a nickel anode, in a fuel cell having 
an operating temperature of about 800 to 

25 llOO^C 

The effective use of doped indium oxide to 
form the cathode in sudh a fuel cell, if it 
can be achieved, constitutes an important 
advance over the prior art- Doped indium 

30 oxide is a relatively inexpensive material 
which is insensitive to the combustion support- 
ing gas. Even at the high operating tempers* 
tures of the cell, it has good chemical com* 
patibility with stabilized sdrconia and has a 

35 coefficient of thermal expansion dose to that 
of the laner. Moreover, its electrochemical 
properties are compatable to those the 
metals which are best suited, namely the 
precious metals. The result is that the use 

40 of a doped indium oxide cathode instead of a 
cathode of precious metal, for instance 
platinum or sUver, in a fuel cell of the type 
indicated above makes it possible considerably 
to improve the life and dependability in 

[Pric^ 25p] 



operation thereof while lowering the cost 45 
of its manufacture. 

However, the practical embodiment of a 
fuel cell comprising a doped indium oxide 
cathode and having electrical properties com- 
parable to those of cells comprising a cathode 50 
of precious metal, and also having a rather 
high power /wei^t ratio, encounters the 
following obstacle which up to now appeared 
to be imsurmountable. 

In order to make it possible to obtain a 55 
sufficient power/weight ratio, it is necessary 
that the thickness of Sie layer of doped indium 
oxide not exceed a value of 150 to 200 
microns. TTiis limitation seems to result 
in the necessity of making the indiimi oxide 60 
layer in compaa form so that its acmal resis- 
tivity does not excessively exceed the theoreti- 
cal resistivity of the material itself. As a matter 
of fact, the value of the latter is only slighdy 
less than the maximum value of resistivity for 65 
which the lateral resistance (resistivity/thick- 
ness ratio) of a layer, having a thickness not 
exceeding the upper limits indicated above, 
would be sufficiency small to permit the drain- 
age of the electrical current produced by die 70 
cell without the aid of a metallic current- 
collecting layer. 

Now, a compact structure of the doped 
indium oxide layer is incompatible with good 
electrochemical operation of the cdl. As a 75 
matter of fact, it is indispensable for said 
layer to have good permeability to die com- 
bustion supporting gas in order to permit the 
latter readily to arrive in contact with the 
electrolyte. A compact structure furthermore 80 
would not be sad^actoty from the point of 
view of the number of electrochemically active 
triple points, that is to say, parts of the elec- 
trode in which die gas, in the present case 
the combustion supporting gas, is simultane- 85 
ously in contact with the electrode and the 
electrolyte. In order for the number of triple 
points to be sufficient, in other words, for 
the active surface/total surface ratio of the 
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electrode to.be sufSciendy high> it is im- 
portant that the electrode have, at least in 
the part thereof which is in contact with 
the electrolyte, as fine a granular structure 

5 as possible. 

It therefore seemed that a layer of doped 
indium oxide having good permeability to 
gases and a fine porous structure which are 
indispensable for proper electrochemical 

10 operation of the cell would have too high a 
resistivity to permit its use with a thick- 
ness low enough for the weight/power ratio 
of the cell to be tolerable. 

The present invention specifically makes it 

15 possible to reconcile the above requirements 
by simxiltaneously conferring all the necessary 
qualities on the cathode. 

For this purpose, an electrolyte-electrode 
imit is constructed in accordance with the 

20 present invention by forming the layer of 
doped indium oxide with dendrites \^ose 
principal axes are substantially perpendicular 
to the surface of the electrolyte; these axes 
forming trunks having a diameter of between 

25 500 2^ 1500 A, so that said layer is perme- 
able to gas; and by having the thickness of 
diis layer at most equal to 0.02 cm. 

It is due to the very special structure which 
has just been defined that the electrode form- 

30 ing part of the electrolyte-electrode tmit has a 
suSBcient permeability to gases and a particu- 
larly high ratio of active surface to total 
surface while having a sufficiendy low resis- 
tivity, of less than 7.5 XlO"* ohm.cm, that 

35 its lateral resistance does not exceed 0.5 ohm 
(pracdcal limit) for a thickness at most equal 
to 0.015 cm. 

In a variant of the electrolyte-electrode unit, 
according to an alternative embodiment of 

40 the present invention, the electrode comprises, 
between the electrolyte and the dopd indium 
oxide layer, a porous layer formed of granules 
of at least one chromite of at least one ele- 
ment selected from among the rare earths and 

45 yttrium, of the general formula: 

Ti-xSr^CabCrOs 

in which T represents at least one rare earth 
or yttrium or a mixture of these elements, 
X, a and b being numbers between 0 and 1 
50 which can assume a value of 0 and the 
values of which satisfy the equation 

there granules being fastened to the electrolyte 
over at least a part of the surface thereof 
55 in contact with it, the indium oxide layer 
being arranged in such a manner as to form 
an electric contact between all of these 
granules. 

The presence of the chromite layer elimin- 
60 ates the risk of diffusion of the indium oxide 
into the elecrolyte and moreover increases the 



adherence of the layer of indium oxide on 
the surface of the electrolyte. Thus, this layer 
further improves the life and Ae rdiabiliqr 
in operation of the cdL Furthermore, this 65 
layer increases the catalytic activity of the 
cathode, which improves the performance of 
the ceU, all other mings being equal. 

As die doping element for the indium 
oxide one may include at least one of the 70 
elements whose use is already known; particu- 
larly antimony, tellurium, gallium, zinc, tin, 
cadmium, germanium, tantalum, titanium, 
tungsten, chlorine and fluorine. 

The doping element is preferably tin and 75 
more particularly in a proportion of between 
1 and 5 atom %, referred to the total number 
of indium and tin atoms. 

As solid electrolyte, which ^ is a condurtor 
of oxygen ions at high teniperature, there 
may be used any known suitable material, for 80 
example, zirconia stabilized in the form 
of a cubic solid solution comprising, in addi- 
tion to ZrOa and a certain proportion of 
hafnium oxide coming from the presence of 
the latter element in zirconium ores, at least 85 
one stabilizing oxide iselected, for instance, 
from among die oxides of the elements Ca, 
Y, Sc, rare earths and mixtures of said 
oxides, in particular mixtures of rare earth 
oxides. ' 90 

With respect to the shape of the hermetic 
body of solid electrolyte, it may be any of 
the known shapes, sudi as that of a disk or 
tube. The dimensions of this body, and in 
particular its thickness, may also be selected 95 
freely in accordance with the general con- 
figuration of the cell, respecting the known 
criteria applicable to the construction of this 
type of cell. 

Preferably the porous chromite layer is 100 
formed of a chromite or a mixture of rare 
earth chromite having a coefficient of expan- 
sion which is as close as possible to that of 
the electrolyte. Thus, for instance, in the 
event that the electrolyte is stabilized zirconia, 105 
one preferably employs lanthanum chromite 
and more particularly lanthantmi chromite 
doped with strontium, particularly the one 
having the formula: 

La^.sSroaCrOa 110 

The average dimensions of the chromite 
granules are preferably of the order of 0.05 
to 2 microns and the thickness of the inter- 
mediate layer formed by these granules is 
between about 0.5 and 2 microns. 115 

Another embodiment of the invention is a 
method of manufacturing the electrol3rtG-elec- 
trode unit which has just been described. This 
method is characterized by placing in a her- 
metic enclosure a target (having the com- 120 
position which it is desired to confer upon 
the layer of doped indium oxide) and the 
electrolyte, reducing the pressure prevailing 
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in the enclosure down to a pressure of be- 
tween 10-' and 10-2 mm Hg, heating the 
elearolyte at least equal to 300^Q and vapor- 
izing the material of the target by eliectronlc 

5 bombardment in such a manner as to obtain 
a deposit of a doped indium oxide layer on 
the surface of the electrolyte. 

The power of the beam of electrons used 
to effect the electronic bombardment is prrfer- 

JO ably adjusted to a value sufficient to obtain 
a rate of growth in thickness of the indium 
oxide layer of between 1 and 10 micnnis per 
minute. 

During the depositing, the electrolyte can 
15 be given a suitable displacement, for instance 
a rotation around an axis and /or an oscilla- 
tion parallel to a given direction, which may 
be identical with the axis of rotation, in 
order to obtain good homogeneity and uni- 
20 form thickness of the layer of doped indium 
oxide which is deposited on the electrolyte. 

One can also in known manner impart any 
suitable displacement to the target with re- 
spect to the imapact of the beam of electrons, 
25 for instance a spiral displacement of said 
impact on the target, particularly for having 
a uniform target temperature during tiie de- 
position. 

In accordance with one particular embodi- 
30 ment of the method described above, the pur- 
pose of which is to manufacture an electrolyte- 
electrode unit according to the variant in 
which the elearode comprises, in addition to 
the indium oxide layer, also a porous layer of 
35 chromite, one operates in the following 
manner: 

Into a hermetic enclosure there is placed 
a target formed of at least one chromite of 
at least one element selected from the rare 
40 earths and jttrium, of the general formula: 

Ti-xSraCauCrOa 

in which T represents at least one rare earth 
or yttrium, or a mixture of these elements, 
Xy a and b being numbers between 0 and 1, 
45 which can assume a value of 0 and whidi 
satisfy the equation 

and the electrolyte. The pressure prevailing in 
the enclosure is decreased to a pressure dose 

50 to 10~* mm Hg. The electrolyte is heated 
to a temperamre at least equal to 300°C. The 
material of the target is vaporhsed by elec- 
tronic bombardment so as to depc«sit a layer 
formed of chromite granules on the surface 

55 of the elearolyte. Whereupon a layer of dop^ 
indium oxide of dentritic structure is deposited 
on the free surface of said layer, proceed- 
ing ill the manner described above. FinaUy> 
at least the layer of chromite is fired at a 

60 temperature of between 600 and 1400^C after 
the depositing of the intermediate layer or 



after the depositing of the layer of indium 
oxide. 

Example 1 

A sintered body of indium oxide doped 65 
with tin, of a composition corresponding to 
a mixture containing 98 mol % ln203 and 
2 mol % SnOg, in the form of a cylinder 
of 20 mm diameter and 40 Tnm height, in- 
tended to serve as target, is prepared in the 70 
following manner: the two above oxides are 
mixed together in the form of fine powders 
while crushing them together so as furtiier 
to reduce their particle size to an average 
value of the order of 20 to 50 microns. A 75 
cylinder corresponding to the final dimensions 
desired is then formal by isostatic pressing, 
and this cylinder is sintered at lOOO^C in 
an air atmosphere for 12 hours. 

As electrolyte there is used a tube of zir- 80 
conia stabilized with ytterbium, having die 
molar composition of ZrOz (Hf O2) 90 mol 
%; YbjOa 10 ml %, and a length of 20 nun, 
outside diameter of 8 mno, and thickness of 
0.2 mm. 85 

The target and the electrolyte mbe are 
placed in a vacuum evaporation-condensation 
apparatus comprising essentially a hermetic 
bell within which the pressure can, by means 
of a suitable pumping device, be brou^t to 90 
and maintained at a pressure not exceeding 
2x10-* mm Hg, and an electron gun cap- 
able of delivering a beam having a maximum 
power of 2 kw with a diameter of 16 nmi 
at the point of impact on a target. 95 

The doped indium oxide cylinder consti- 
tuting the target is placed with its axis vertic- 
ally on a support formed of a small copper 
crucible cooled by internal circulation of cold 
water. The electrolyte tube is placed on a 100 
moving heating support which imparts to it 
a movement of rotation at a speed of 1 rpm 
aroimd its axis at an average distance of 10 
cm from the target, the axis of the tube 
being horizontal. A removable mask is inter- 105 
posed, at the start of the operations, between 
the target and the electrolyte tube. 

The air is first of all removed from die 
vacuvun enclosure down to a pressure of 
2 X 10** mm Hg, whereupon a stream of pure 110 
oxygen is iiitroduced so as to increase the 
pressure to 10** mm Hg. The bombaxdment 
of the target is then started with a beam 
power equal to 1 kw, the impact on the tatget 
having an area of 200 mm^ In this way die 115 
temperature of the target in the region around 
the impact is brought to about 1000**C, \diich 
temperature is maintained for 10 minutes. The 
power of the electron beam is then brought to 
2 kw so as to increase the temperature of die 120 
target within the zone of impact to about 
2000^C The pressure is allowed to rise by 
itself to 10-' mm Hg in the enclosure and the 
mask is retracted so as to place the electro- 
lyte tube in sight of the target. The surface 125 
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temperature of the electrolyte is maintained 
at about 600°C. In this way a homogeneous, 
microporous, dendritic layer of a very uniform 
thickness is deposited on the entire outer 
surface of the electrolyte tube with a rate of 
deposition of between 5 and 10 microns per 
minute. At the end of 20 minutes there is 
thus obtained a layer of a total thickness of 
150 microns. The very uniform dendritic 
structure of this layer is shown by examina- 
tion with an electron microscope with stereo- 
scopic sweep. 

Example 2 
The same procedure was used as in Ex- 
ample 1> but instead of depositing the layer of 
indium oxide doped with tin directly on the 
surface of the solid electrolyte tube, there was 
first deposited on said surface a layer of 
lanthanum chromite doped with strontium, 
having a composition corresponding to the 
formiSa 



Lao.gSro.zCrOa 

with constant thickness of about 2 microns 
covering the entire outer surface of the electro- 
lyte tube. 

For this purpose, a target of lanthanum 
chromite doped with strontium having the 
composition indicated above was first of all 
prepared by sintering in the form of a cube 
having a side of 1 cm. For the preparation 
of this target, the following prooedure was 
employed : 

Lanthanum oxide La203 and strontium 
nitrate Sr(N03)2 were homogeneously mixed 
in the form of powders in proportions corres- 
ponding to an atomic ratio of landiaum to 
strontium of 4, and this mixture was caldn^ 
in air at 600°C undl no further nitrous vapors 
were given off. To the resultant powder ^ere 
was added an amount of chromiimi oxide 
CrgOs in powder form corresponding to the 
atomic composition represented by the 
formula 

Lao.gSro.zCrOa 

and the mixture of powder thus obtained was 
crushed so as to make it perfectly homogene- 
ous while decreasing its particle size to an 
average value of the order of 30 microns. 

A cylinder of dimensions corresponding to 
the final dimensions indicated above was dien 
formed by isostatic pressing under a pres- 
sure of 50 tons/cm^ and this cylinder was 
sintered at 1600°C in air for 2 hours. The 
cylinder was then again crushed in order to 
obtain a powder having a particle size of 
an average of about 100 microns, whereupon 
this powder was compressed under a pres- 
sure of 12 tons/cm^ so as to form a cube of 
a side of 1 cm and this cube was sintered 
for 4 hours at 1900°C in air. 



The doped lanthanum chromite target was 
placed on the target support in the vacuum 
enclosure and a layer of doped lanthanum 
chromite having a thickness of about 2 microns 
was deposited on the outer surface of the 65 
tube of solid electrolyte by evaporation-con- 
densation under the following operating con- 
ditions: 

pressure within the enclosure lO-'mmHg 
power of the beam of electrons 10 watts/mm' 70 
distance between the target and 

the solid electrolyte tube 18 cm 
surface temperature of the 

electrolyte tube 450®C 

The other operating conditions are the same 75 
as in the case of the deposit of the doped 
indium oxide layer described in Example 1. 

The elearolyte tube, covered with the 
layer of lanthanum chromite, was then heated 
in air for 2 hours at 950^C. 80 

The layer of doped lanthanum chromite 
thus deposited on the electroljrte is formed 
of approximately spherical granules stron^y 
adhering to the electrolyte and to each other, 
widi an average diameter of about 0.5 micron, 85 
leaving between them communicating pores 
having approximately the same dimensions as 
the grains. 

A layer of indium oxide of dendritic struc- 
ture was deposited in the surface of said 90 
porous lanthanum chromite layer by the same 
procedure as indicated in Example 1. 

Example 3 
The same procedure was used as in Ex- 
ample 2, effecting in succession a deposit of a 95 
layer of lanthanum chroznite and then of a 
layer of doped indium oxide, but instead of 
heating the tube in air after the depositing 
of the first layer, this operation was carried 
out under the same conditions as in Ex- lOO 
ample 2 after the depositing of the doped 
inditmi oxide layer. 

WHAT WE CLAIM IS: — 

1. An electrolyte-electrode device for a high 
temperature fuel cell comprising a body of 105 
solid electrolyte which is a conductor of 
oxygen ions at high temperature, and adher- 
ring thereto an electrde formed of at least 

one layer of doped indium oxide covering a 
part of the surface of the electrolyte, said 110 
layer of doped indium oxide having dendrites 
formed therein, the principsd axes of which 
dendrites are substantially perpeftdicular to the 
surface of the elearolyte, these axes forming 
trunks having a diameter of between 500 and 115 
1500 A, so that said layer is permeable to 
gas, and the thickness of said layer is at most 
equal to 0.02 cm. 

2. A device according to Qaim 1, further 
comprising as a part of said electrode and 1^^ 
formed between the electrolyte and said layer 
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of doped indium oxide, a porous layer formed 
of granules of at least one chromite of at least 
one element selected from among the rare 
earths and yttrium, of the general formula: 

5 Ti-xSr^CabCrOs 

in which T represents at least one rare earth 
or 3^rium, or a mixture of said elements, 
X, a and b being numbers between 0 and 1, 
and which may assume a value of 0 and 
10 satisfy the equation 

a-\rb=x, 

these granules being firmly attached to ilie 
dectrolyte over at least a part <^ dieir surface 
in contact with it, the doped indium oxide 
15 layer being disposed in suoi a manner as to 
form an electric contaa between all of these 
granules. 

3. A device according to claim 2, wherein 
the said chromite granules have a particle 

20 size of between 0.1 and 0.5 microns and the 
thickness of the layer formed by said granules 
is betwen 0.5 and 2 microns. 

4. A device according to eidier of claims 2 
and 3 wherein the said chromite is 

25 Lao.sSro.^CrOa 

5. A device according to any one of the 
preceding claims, wherein the said indium 

' oxide is doped by at least one of the follow- 
ing elements: antimony, tellurium, gallium, 
30 zinc, tin, cadmium, germanium, tantalum, 
titanium, tungsten, chlorine and fluorine. 

6. A device according to claim 5, wherein 
the said indium oxide is doped by tin, the 
proportion of said latter elment being at 

35 least 1% and at most 5% by iatoms, referred 
to the total number of indiimi and tin atoms. 

7. A device according to any one of the 
preceding claims, wherein said electrolyte 
is formed of ^abilized zirconia. 

40 8. A fuel cell including an electiolyte-dec- 
trode device according to any one of daims 
1 to 7, the said doped indium oxide hasig a 
cathode, and the fuel cell being designed for 
an operative range of 800^ to llOO^C. 

45 9. A method for producing combined solid 
electrolyte-electrode structures for fuel cells 
wherein the electrode is a thin layer of 0.02 
cm or less of doped indium oxide adherent to 
^e electrolyte and having dendrites whose 

50 principal axes are substantially perpendicular 
to the surface of the electrolyte wiA the axes 
forming trunks having a diameter of between 
500 and 1500 A, comprising the steps of a 
method of placing in a hermetic enclosure the 

55 electrolyte and a target having the composition 
which it is desired to impart to the doped 
indium oxide layer, lowering the pressure 
prevailing in the enclosure to a pressure of 
between lO-"* and 10-^ nmi Hg, heating the 



electrolyte to a temperature at least equal to 60 
300®C, and vaporizing the material f the 
target by electronic bombardment so as to 
obtain a deposit of a layer of doped indium 
oxide on the surface of the electrolyte. 

10. A method according to claim 9 for 65 
producing said solid electrolyte-electrode 
structure with a chomite layer between said 
indium oxide layer and said electrolsrte which 

is a porous layer formed of granules of at 
least one chromite of at least one element 70 
selected from among the rare earths and 
yttrium, said chromite having the general 
formula: 

Ti-xSraCabCrOa 

in which T represents at least one rare eardi 75 
or yttrium, or a mixture of said elements, 
X, a and b being numbers between 0 and 1 
which can assume a value of 0 and satisfy 
the equation 

a+&=jc, 80 

these granules being firmly attached to the 
electrolyte on at least a part of their sur- 
face in contact with it and the layer of doped 
indium oxide being disposed in such a man- 
ner as to form an electric contact between 85 
all of said granules, comprising the additional 
steps prior to depositing the layer of doped 
indiimi oxide with dendritic structure of plac- 
ing the electrolyte and a target formed of 
the said chromite in a hermetic enclosure, and 90 
decreasing the pressure prevailing in the en- 
closure to close to 10"* mm Hg, heating the 
electrolyte to a temperature at least equal to 
300°C, and vaporizing the material of the 
target by elecronic bombardment so as to 95 
deposit on the surface of the electrolyte a layer 
formed of chromite granules, thereafter de- 
positing the layer of doped indium oxide on 
the surface of the layer of chromite granules. 

11. A method according to daim lOl, 100 
wherein die diromite granules have a partide 
size of between 0.1 and 0.5 microns and are 
deposited so that the diickness of the layer 
formed by said granules is between 0.5 

and 2 microns. 105 

12. A method according to either of daims 
10 and 11 comprising the further step of fir- 
ing at least the layer of chromite at a tempera- 
ture between 600 and 1400°C. 

13. A method according to any one of 110 
claims 10 to 12 wherein the said chromite is 



14. A method according to any one of 
daims 9 to 13, wherein die power of the 
beam of dectrons causing said electronic 115 
bombardment is adjusted to give a rate of 
growth in thickness of the indium oxide layer 
of about 1 to 10 microns per minute. 
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. 15. A mdthod according to any one of 19. An electrolyte-electrode structure that 

claims 9 to 14 wherein the indium oxide has has been produced by a method according to 20 

been doped by at least one of the following any one of claims 9 to 18. 

elements : antimony, tellurium, gallium, zinc, 20. A fuel cell being designed for an opera- 

5 tin, cadmium, germanium, tantalum, titanium, tive range of 800 to llOO^C including an 

tungsten, chlorine and fluorine. electrolyte-electrode structure as daimed in 

16. A method according to claim 15, claim 19. 25 
wherein the indium oxide has been doped by 21. An electrolyte-electrode device as 

tin, the proportion of the later element being daimed in daim 1 substantially as herein- 

10 at least 1% and at most 5% by atoms, re- before described in any one of the Examples, 
ferred to the total number of indium and tin 
atoms. 

17. A method according to any one of BOULT, WADE & TENNANT, 
daims 9 to 16, wherein the dectrolyte is Chartered Patent Agents, 

15 formed of stabilized zirconia. 34 Cursitor Street> 

18. A method according to daim 9 sub- London, EC4A IPQ. 
standally as hereinbefore described in any 

one of the Examples. 
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